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An AlN piezoelectric Lamb-wave resonator, which is excited by two dimensional electric field, is

reported in this paper. Rhombus-shape electrodes are arranged on AlN thin film in a checkered for-

mation. When out-of-phase alternating currents are applied to adjacent checkers, two dimensional

acoustic Lamb waves are excited in the piezoelectric layer along orthogonal directions, achieving

high electromechanical coupling coefficient, which is comparable to film bulk acoustic resonators.

The electromechanical coupling coefficient of the 285.3 MHz resonator presented in this paper is

5.33%, which is the highest among AlN based Lamb-wave resonators reported in literature.

Moreover, the spurious signal within a wide frequency range is significantly suppressed to be 90%

lower than that of the resonance mode. By varying the electrode dimension and inter-electrode dis-

tance, resonators having different resonant frequencies can be fabricated on a single wafer, making

single-chip broadband filters, duplexers, and multiplexers possible. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4923207]

Front-end band pass filters have become the most criti-

cal elements for wireless communication due to the more

and more crowded spectrum.1 Currently, filters are domi-

nated by piezoelectric surface acoustic wave (SAW) and

bulk acoustic wave (BAW) resonator based devices due to

their superb performance, small size, and low cost.2 In these

devices, electromechanical coupling coefficient is the key

parameter, which directly determines the achievable band-

width of the filters. Efforts have been paid in maximizing the

electromechanical coupling coefficient of the microacoustic

devices with the best balance of performance and manufac-

turability by optimizing piezoelectric layer property and the

device design. The most commonly used piezoelectric mate-

rials are quartz, lithium tantalate (LiTaO3), lithium niobate

(LiNbO3), zinc oxide (ZnO), aluminum nitride (AlN), and

the recently developed scandium aluminum nitride

(ScxAl1�xN).3–7 Compared with other piezoelectric materi-

als, AlN is the ideal material for RF devices due to its high

quality factor, low loss, high acoustic velocity, outstanding

temperature performance, complementary metal-oxide semi-

conductor (CMOS) integration compatibility, and low

cost.2,7 The intrinsic performance of the deposited AlN thin

film highly depends on the film deposition technology and

the roughness of the substrate surface. Therefore, optimizing

thin film deposition technology is very important in improv-

ing the intrinsic performance of the AlN thin film. Other

than depositing high quality piezoelectric layer, the structure

design is also crucial for achieving high coupling coefficient.

Thin Film Bulk Acoustic Resonator (FBAR) represents one

class of resonators, which have high coupling coefficient for

filter applications, while its two-plate electrode topology lim-

its its application from differential configuration.8–10

Furthermore, its frequency is determined by the vertical

stack composition, thus making it difficult to implement

FBAR filters with different frequencies on a single wafer.

SAW resonators with interdigital electrodes are another class

of resonators, which allow balanced differential output, but

they are bulky, and the supporting substrates are not CMOS

compatible. Furthermore, SAW resonators also suffer from

transverse leakage along the long electrode fingers and some

mode conversion loss when SAW is reflected by so many

fingers along the long cavity, thus having lower Q factor

than BAW.11,12 Lamb wave resonators and contour mode

resonators are the possible candidates for future single-die

multi-band RF front-end components, thanks to the advances

in piezoelectric thin film deposition technology and micro-

electromechanical system (MEMS) fabrication process.13–18

However, compared with FBARs, the coupling coefficient of

Lamb wave resonators is relatively low. Recently, our group

developed an AlN based Lamb wave resonator named

Checker-mode resonator, which demonstrated an improved

coupling coefficient (3.95%) by using 2D acoustic wave ex-

citation.19,20 Its CMOS compatible process and the potential

single-ended to differential filter configuration makes the

checker mode resonator an ideal replacement for traditional

SAW and FBARs. However, the coupling coefficient needs

to be further improved for some filter applications. In addi-

tion, compared to FBAR, checker patterned electrodes

requires large device area to achieve 50 X impedance match-

ing. Therefore, the design and arrangement of the checker

pads need to be optimized to reduce the size of the device,

thus reducing the cost.

In this work, we optimized the thin film deposition technol-

ogy to improve the intrinsic performance of the AlN thin film.

We also re-designed the checker patterned electrodes to excite a

2D acoustic Lamb waves within a piezoelectric AlN thin film,

which results in a FBAR comparable electromechanical
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coupling coefficient. The fabricated 285.3 MHz checker-

mode Lamb wave resonator demonstrates world-record large

electromechanical coupling coefficient of 5.33% among the

AlN based Lamb wave resonators.

Our first generation checker-mode resonator has square

shaped electrodes. When an alternative (AC) voltage is

applied to the two groups of the electrodes on the surface of

the AlN thin plate, a lateral electric field will be formed

between the adjacent electrodes. Fig. 1(a) shows the simu-

lated electric field distribution around the electrodes, with

extreme red and blue colour representing the electric poten-

tial of þ1 V and �1 V, respectively, as indicated by the col-

our bar. The results show that the electric field is distributed

in a rhombus shape. Thus, in the following step, electrodes

are designed to be rhombus-shape and optimized for better

electric field excitation, as shown in Fig. 1(b). The electric-

field-aligned rhombus-shaped electrode patches can improve

the performance of the transverse acoustic waves in the pie-

zoelectric layer, which could yield a higher effective cou-

pling coefficient compared to the resonators with square

electrode patches. Meanwhile, the rhombus-shaped electro-

des increase the electrode area density, thus reducing the de-

vice size for the filter applications.

To demonstrate this improvement, the checker pat-

terned rhombus-shaped electrodes on a piezoelectric AlN

thin film are designed, as shown in Fig. 1(c). For the

checker patterned top electrodes, applying an electric field

between adjacent top electrodes and setting the bottom

electrode as ground will excite a 2D electric field within

the AlN plate, as shown in Fig. 1(c). Each electrode will

be surrounded by four electrodes with different electrical

polarity to form the 2D Lamb acoustic waves. The resonant

frequency of checker-mode resonator can be determined

by r and d, as shown in Fig. 1(d), which can be estimated

as14

fo ¼
�a

k
ffi 1

k

ffiffiffi
E

q

s
; (1)

where �a is the acoustic velocity, E is the effective Young’s

modulus, q is the mass density of the electroded AlN plate,

and k is the wavelength of the acoustic wave, which is

defined by 2(rþ d). Figs. 1(e) and 1(f) show the simulated

displacement profiles of the piezoelectric AlN plate along

the X and Y directions, which represents the 2D acoustic

Lamb wave propagating in the AlN plate at resonance.

Coupling the 2D acoustic waves could achieve a high effec-

tive coupling coefficient. The mechanical and electrical

properties of AlN used for simulation in this work are listed

in Table I.21

The checker-mode Lamb wave resonator was fabricated

based on our in-house AlN/SOI platform with the following

key process integration steps. First, an isolation trench as a

release barrier was designed and fabricated on a SOI wafer

FIG. 1. (a) Illustration of square checker electrode, which shows rhombus lateral electric field distribution. (b) Optimized design of rhombus-shaped electrodes

and its lateral electric field distribution. (c) Top view of the device layout with the directions of the lateral electric field indicated by black arrows. (d) Close-up

view of (c), showing that the acoustic wavelength at resonant frequency is 2(rþ d), where r is the half of the diagonal of the electrode patch and d is the verti-

cal distance between the vertex of the electrode and the centre of the adjacent connection line. (e) and (f) FEM simulations of 2D symmetric mode acoustic

Lamb wave, which propagates in the piezoelectric AlN plate along X and Y directions, respectively.

TABLE I. Mechanical and electrical properties of the AlN thin film.

Symbol Value

Elastic stiffness

constants (GPa)

c11 345

c12 125

c13 120

c33 395

c44 118

c66 110

Dielectric

constant (10�11 F/m)

e11 8.0

e33 9.5

Density (kg/m3) q 3230

Piezoelectric

constant (C/m2)

e31 �0.58

e33 1.55

e15 �0.48
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to prevent over etch and undercutting. This will increase

release robustness, achieve better defined device anchor, and

reduce the overall device footprint. After that, 20 nm AlN

seed layer and 0.25 lm Mo were deposited on the Si sub-

strate. The Mo layer is then patterned as the bottom electro-

des of the resonator. After depositing a thick layer of SiO2

and further applying planarizing treatment with chemical

mechanical polishing (CMP), a 1 lm AlN with another

0.25 lm Mo thin film were deposited step by step. By using

the fourth mask, the top layer Mo was patterned as the top

electrodes of the resonator. Then, 0.5 lm SiO2 was deposited

and patterned as a hard mask to define the releasing hole

along the device. Finally, the device was released by using

XeF2 isotropic dry etch. Figs. 2(a) and 2(b) illustrate the

schematic cross section of the platform and the top view of

the fabricated resonator, respectively.

Patterned Mo layer underneath the AlN plate could

potentially affect AlN crystallization due to the rough surface

on which the AlN is growing. Therefore, the surface flatness

is the key for AlN quality and resonator performance. In this

work, thickness SiO2 filling followed by CMP was proposed

to flatten the Mo/SiO2 composition surface. 200 �C low tem-

perature AlN thin film deposition was used to reduce the stress

in the deposited thin film due to the thermal effect.

To investigate the effect of CMP on the AlN thin film

quality and the deposited stack layer, Transmission Electron

Microscopy (TEM) study was performed to the AlN thin

film on both substrates with and without CMP process, as

shown in Figs. 3(a) and 3(b), respectively. It can be clearly

seen in Fig. 3(a) that with CMP process, the AlN thin film

was vertically oriented both on the metal and SiO2 surface.

This not only improves the quality of the AlN thin film but

also reduces the risk in top electrode deposition and pattern-

ing. While on the substrate with metal topological steps and

without CMP process, as shown in the Fig. 3(b), the orienta-

tion of the deposited AlN located around the steps is much

more tilted than the other regions, even with some cracks.

This could increase lithographic challenge for small Critical

Dimension (CD) of the following top electrodes patterning,

rise insertion loss for small wavelength device, and even

destroy the device during the release process. Figs. 3(c) and

3(d) show the electron diffraction patterns of the AlN thin

film located on the metal corresponding to the Figs. 3(a) and

3(b), respectively. From the figures, we can see that both of

them have a superlattice structure, while the diffraction den-

sity in Fig. 3(c) is much stronger than that in Fig. 3(d).

Furthermore, the reciprocal lattice in Fig. 3(c) is more regu-

lar than in Fig. 3(d). This indicated that the crystallinity of

the AlN thin film deposited on the CMP substrate is much

better than that on the non-CMP substrate, which results in

the improvement of the intrinsic performance of AlN thin

film by using CMP MEMS technology.

To evaluate the frequency response and the electrome-

chanical performance of the device, scattering (S) parameter

measurements were carried out using Agilent E5071B RF

vector network analyzer (VNA) connecting to a Cascade

Microtech’s probe station. Fig. 4 shows the schematic testing

FIG. 2. (a) The cross sectional view of the RF MEMS SOI platform. (b) Top

optical view of the fabricated device with checker patterned rhombus-

shaped electrodes.

FIG. 3. Influence of CMP on AlN crystal growth: (a) TEM cross sectional

view of the AlN layer on the Mo patterned substrate with CMP process. (b)

TEM cross section view of the AlN layer on the Mo patterned substrate

without CMP process. (c) and (d) The electron diffraction patterns of the

AlN thin film located on the metal corresponding to the (a) and (b),

respectively.

FIG. 4. The schematic of the device testing setup.
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setup of the device measurement. The measured transmission

response of the checker-mode resonator and the modified

Butterworth-Van Dyke (MBVD) circuit model fitting curve

are shown in Fig. 5. The extracted parameters from both the

testing results and the corresponding equivalent circuit are

listed in Table II.

From the results, we can see that the lower capacitance

ratio Cr (21.74) of the parallel capacitance C0 to the

motional capacitance (Cm) allows our checker-mode resona-

tors to have a potentially important position in the areas of

wideband filters, duplexers, multiplexers, sophisticated fre-

quency tuning, and temperature compensation techni-

ques.22,23 The resonant frequency fr and the anti-resonant

frequency fa are 285.31 MHz and 291.75 MHz, respectively.

Based on Eq. (1), given the size of the electrode patches

(r¼ 7.5 lm) and the distance between the vertex of the elec-

trode and the centre of the adjacent connection line (d¼ 7

lm), the acoustic wave velocity and effective Young’s mod-

ulus were calculated to be 8274 m/s and 338.71 GPa, respec-

tively. Furthermore, the effective electromechanical

coupling coefficient can be calculated by24

k2
ef f ¼

/
tan /

; / ¼ p
2

fr
fa

� �
: (2)

This work yielded a k2
ef f of 5.33%, which is the highest

among reported value of AlN based Lamb wave resonators

in literatures. Due to the checker vibration effect, the spuri-

ous vibration mode of each checker area can be suppressed

by the vibration of the adjacent checker areas. This is veri-

fied by the wide frequency range characterization (150 MHz

to 1 GHz) of the resonator, as shown in Fig. 5(b). It is

obvious that the spurious mode of the resonator has been

well suppressed. The resonance of the spurious modes is sup-

pressed to be 90% lower than that of the resonance mode.

Therefore, this type of checker-mode resonator is able to

effectively limit the system noise and reduce the out-band

interference.

In summary, the quality of the deposited AlN thin film

has been found to be very sensitive to the initial surface

roughness of the substrate, and it was improved by using

CMP MEMS technology in this work. Based on this high

quality AlN piezoelectric thin film, two dimensional acoustic

waves excited Lamb wave resonators with checker patterned

rhombus-shape electrodes were designed and fabricated. The

rhombus-shape electrodes are used to excite 2D plate acous-

tic Lamb waves within a piezoelectric layer, yielding a high

electromechanical coupling coefficient. A 285.3 MHz

checker-mode Lamb wave resonator has been demonstrated

and exhibits a large electromechanical coupling coefficient

of 5.33%, which is the highest reported to date for AlN based

Lamb wave resonator in this frequency range. Moreover, the

experiment also shows that the spurious signal within a wide

frequency range can be significantly suppressed. By adjust-

ing the size and the distance of those checker patterned elec-

trodes, multi-frequency resonators can be fabricated on a

single wafer. This provides a new direction for building

broadband filters, duplexers, or multiplexers.

This work was supported by the Science and Engineering

Research Council of A*STAR (Agency for Science,

Technology and Research), Singapore, under Project No.

1423100024.

1H. Messer, A. Zinevich, and P. Alpert, Science. 312, 713 (2006).
2F. Z. Bi and B. P. Barber, IEEE Microwave Mag. 9, 65 (2008).
3C. M. Lin, Y. Y. Chen, V. V. Felmetsger, D. G. Senesky, and A. P. Pisano,

Adv. Mater. 24, 2722 (2012).
4M. Akiyama, T. Kamohara, K. Kano, A. Teshigahara, Y. Takeuchi, and N.

Kawahara, Adv. Mater. 21, 593 (2009).

FIG. 5. The frequency response of the check-mode resonator: (a) Measured

narrow-band S21 transmission response and its MBVD model fitting curve

around 285.31 MHz. (b) Measured wide-band frequency response of the res-

onator from 150 MHz to 1 GHz.

TABLE II. Extracted parameters from measured and MBVD model fitted

results.

Symbol Unit Value

Resonant frequency fr MHz 285.31

Anti-resonant frequency fa MHz 291.75

Mass density q kg/m3 4948

Acoustic velocity t m/s 8274

Effective Young’s modulus E GPa 338.71

Motional capacitance Cm fF 2.299

Motional inductance Lm lH 135.3

Motional resistance Rm X 370

Parallel capacitance C0 fF 50

Unloaded quality factor Q 513.2

Effective electromechanical

coupling coefficient

k2
ef f 5.33%

Figure of merit Q/(2Cr) 11.8

253502-4 Sun et al. Appl. Phys. Lett. 106, 253502 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  182.55.85.67

On: Fri, 26 Jun 2015 14:41:49

http://dx.doi.org/10.1126/science.1120034
http://dx.doi.org/10.1109/MMM.2008.927633
http://dx.doi.org/10.1002/adma.201104842
http://dx.doi.org/10.1002/adma.200802611


5A. J. Slobodnik, J. H. Silva, W. J. Kearns, and T. L. Szabo, IEEE Trans.

Sonics Ultrason. 25, 92 (1978).
6W. B. Wang, P. M. Mayrhofer, X. L. He, M. Gillinger, Z. Ye, X. Z. Wang,

A. Bittner, U. Schmid, and J. K. Luo, Appl. Phys. Lett. 105, 133502

(2014).
7U. C. Kaletta, C. Wipf, M. Fraschke, D. Wolansky, M. A. Schubert, T.

Schroeder, and C. Wenger, IEEE Trans. Electron Devices 62, 764

(2015).
8T. Nishihara, T. Yokoyama, T. Miyashita, and Y. Satoh, Proc. -IEEE

Ultrason. Symp. 1, 969 (2002).
9R. Ruby, Proc. -IEEE Ultrason. Symp. 1–6, 1029 (2007).

10G. G. Fattinger, J. Kaitila, R. Aigner, and W. Nessler, Proc. -IEEE

Ultrason Symp. 1, 416 (2004).
11C. K. Campbell, Proc. IEEE 77, 1453 (1989).
12J. Tsutsumi, S. Inoue, Y. Iwamoto, T. Mastsuda, M. Miura, Y. Satoh, U.

M. Ueda, and O. Ikata, Proc. IEEE Int. Freq. Control Symp. 861 (2003).
13J. H. Kuypers and A. P. Pisano, Proc. IEEE Ultrason. Symp. 1–4, 1548

(2008).
14G. Piazza, P. J. Stephanou, and A. P. Pisano, J. Microelectromech. Syst.

15, 1406 (2006).

15Y. Nakagawa, S. Tanaka, and S. Kakio, Jpn. J. Appl. Phys., Part 1 42,

3086 (2003).
16C. M. Lin, Y. J. Lai, J. C. Hsu, Y. Y. Chen, D. G. Senesky, and A. P.

Pisano, Appl. Phys. Lett. 99, 143501 (2011).
17J. H. Kuypers, C. M. Lin, G. Vigevani, and A. P. Pisano, Proc. IEEE Freq.

Control Symp. 1–2, 240 (2003).
18C. J. Zuo, N. Sinha, J. Van der Spiegel, and G. Piazza,

J. Microelectromech. Syst. 19, 570 (2010).
19H. Campanella, L. Khine, and J. M. Tsai, IEEE Electron Device Lett. 34,

316 (2013).
20L. Khine, J. B. W. Soon, and J. M. Tsai, in 16th International Solid-State

Sensors, Actuators and Microsystems Conference (Transducers 2011)
(2011), p. 526.

21K. Tsubouchi and N. Mikoshiba, IEEE Trans. Sonics Ultrason. 32(5), 634

(1985).
22R. C. Smythe and H. F. Tiersten, IEEE Trans. Ultrason. Ferroelectr. Freq.

Control 35, 435 (1988).
23J. F. Rosenbaum, Bulk Acoustic Wave Theory and Devices (Artech House,

Norwood, 1988), Ch. 10.
24K. M. Lakin, IEEE MTT-S Int. Microwave Symp. Dig. 1, 149 (1992).

253502-5 Sun et al. Appl. Phys. Lett. 106, 253502 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  182.55.85.67

On: Fri, 26 Jun 2015 14:41:49

http://dx.doi.org/10.1109/T-SU.1978.30993
http://dx.doi.org/10.1109/T-SU.1978.30993
http://dx.doi.org/10.1063/1.4896853
http://dx.doi.org/10.1109/TED.2015.2395443
http://dx.doi.org/10.1109/5.40664
http://dx.doi.org/10.1109/JMEMS.2006.886012
http://dx.doi.org/10.1143/JJAP.42.3086
http://dx.doi.org/10.1063/1.3643153
http://dx.doi.org/10.1109/JMEMS.2010.2045879
http://dx.doi.org/10.1109/LED.2012.2230609
http://dx.doi.org/10.1109/T-SU.1985.31647
http://dx.doi.org/10.1109/58.20465
http://dx.doi.org/10.1109/58.20465

